We have theoretically investigated the tunability of the omnidirectional reflection band ͑ORB͒ of a one-dimensional ͑1D͒ photonic crystal ͑PC͒ consisting of alternating isotropic dielectric and nematic liquid crystal layers by an external electric field. The width of the ORB becomes wide as the external voltage increases, but the center frequency is changed little. The frequency of the defect mode created by inserting a layer of liquid crystals into a 1D dielectric PC is also found to be tunable by the application of external voltage. These properties can be applied to tunable optical filters or optical switches. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1381414͔
Over the past decade, there has been an increasing interest in the properties of the so-called photonic crystals ͑PCs͒ which are periodic arrays of dielectric composites that exhibit electromagnetic stop bands or photonic band gaps ͑PBGs͒. That is, electromagnetic waves of certain frequency range cannot propagate in any direction in PCs. [1] [2] [3] [4] Since PCs can provide an opportunity to control the spontaneous emission and the propagation of an electromagnetic wave, they have been applied to improving the performance of optoelectronic devices and microwave components. 3, 4 The tuning of a PBG can give a possibility to control the characteristics of optical or microwave devices with PCs. Thus, tunable PCs have received great attention recently. They can be realized using various materials such as metal, 5 liquid crystal, [6] [7] [8] ferrite, 9 and semiconductor. 10 Liquid crystal ͑LC͒ is a good candidate material for the tunable PC because its refractive index is tunable by an external electric field or temperature. Experimental and theoretical studies on the tunability of the PBGs in the PCs with LCs have been reported. [6] [7] [8] Especially, Bush and John have clearly demonstrated the tunability of a three-dimensional PBG by an external electric field in the inverse opal PC structure whose void regions are infiltrated with nematic LCs. But, the refractive index of LCs is easily controllable by an external electric field especially in the one-dimensional ͑1D͒ case. Actually, all the commercial LC displays employ these 1D electric-optic effects of LC molecules sandwiched between two panels. Moreover, the possible existence of the omnidirectional reflection band ͑ORB͒ for any polarizations in 1D PCs has opened a new horizon on the 1D PCs. 11, 12 Therefore, the tuning of the ORB would also open a new way for the control of the light wave guiding.
In this letter, we have theoretically investigated the voltage dependence of the ORB in the 1D PC ͑i.e., 1D PBG structure͒ consisting of alternating layers of nematic LC and isotropic dielectrics when an external electric field is applied to the PC axis. We have also studied the external voltage dependence of the defect mode frequency when a layer of nematic LCs is inserted into the 1D dielectric PC and an external voltage is applied to the PC axis.
The schematic diagram of the investigated 1D PC consisting of dielectric and nematic LC layers is depicted in Fig.  1 . Two modes of the electromagnetic wave, (0, E y , 0) and (E x , 0, E z ), are designated as the s polarization and the p polarization, respectively, according to the direction of E field. 12 The transmission characteristics of the employed 1D PC structure is computed for 20 periods using the faster Berreman method, 13 which takes into account the variation of the dielectric constant of the LC in the direction perpendicular to the dielectric surface. Following it, the equation of light propagation with angular frequency is given by
where ⌿(z) is the field vector given as ⌿(z) 
T , and ⌬(z) is the Berreman matrix which depends on dielectric function, incident wave vector, and the orientation of the optical axis. 13 The dielectric tensor for a nematic LC is given by 14 ⑀ϭ ͩ
where ⌬⑀ is the optical dielectric anisotropy given as (n e   2 Ϫn o 2 ), and n o and n e are ordinary and extraordinary refractive indices, respectively. Tilt angle ␣ is the angle between the principal axis of nematic LC molecule and the x axis in Fig. 1 .
The Ossen-Frank elastic theory 15 gives the distribution of ␣ in the nematic LC slab when an electric field is applied in the direction of the z axis in Fig. 1 . The direction of LC molecules is affected by the external electric field only when V is larger than the critical voltage. V c is required to be small for the practical application of LCs in the tunable 1D PC, and some nematic LCs such as LC 5CB (V c ϭ0.71 V) and LC ZLI2293 (V c ϭ1.18 V) have a small enough critical voltage.
For the calculation of ␣(z), the values for the LC 5CB ͑ 1 ϭ7.4 pN, 3ϭ10.2 pN, and ⌬⑀ 0 ϭ1.43ϫ10 Ϫ10 F/m͒ were used since it has rather small V c value and larger optical anisotropy (⌬nϭ0.21) than LC ZLI2293, and is easily synthesizable from its well-known molecular structure. The values of refractive indices of LC 5CB were taken as n e ϭ1.75 and n o ϭ1.54
13 on the assumption that the PC operates at room temperature in the air. As the refractive index of the dielectric layers needed in the calculation of reflection and transmission characteristics of s-and p-polarized light waves, we took nϭ2.35 as that of ZnS. This choice of refractive indices is rather arbitrary, however, and the general trends described in the following paragraphs are maintained for other choices, for example, SiO 2 dielectric and LC ZLI2293 layers.
The reflection band edge frequencies of the first PBG are shown in Figs. 2͑a͒ and 2͑b͒ for the s-͑dashed lines͒ and p-polarized waves ͑solid lines͒ as functions of the incident angle when d 1 ϭd 2 ϭa/2 and V/V c ϭ1.0 and 2.853, respectively. These frequencies were taken as those at which reflection coefficient becomes larger than 99.9%. One can see in this figure that the ORB, which is absent when VϭV c , occurs when Vϭ2.853 V c due to the change in the edge frequencies of the p-polarized wave. This phenomenon can be easily understood from the relations between E field components and the LC dielectric tensor for each polarization. In Eq. ͑2͒, ⑀ xx and ⑀ zz are dependent on the external voltage but ⑀ yy is not. Thus, the reflection of the s-polarized wave that has only a y component of the E field cannot be controlled by an external voltage. On the other hand, the E field of the p-polarized wave that has x and z components can be affected by an external voltage through ⑀ xx and ⑀ zz . Thus, the reflection of the p-polarized wave can be modulated by an external voltage to form the ORB. We can also notice that the magnitude of the ORB is determined by the upper and lower edge frequencies of the p-polarized wave at ϭ0°and ϭ85°, respectively.
The edge frequencies of the first PBGs at ϭ0°and 85°a re shown in Fig. 3 as functions of external voltage for both polarizations. Solid ͑open͒ square and solid ͑open͒ triangle represent the edge frequencies at ϭ0°(85°) for the p-and s-polarized waves, respectively. This figure shows once again that the edge frequencies of s-polarized waves are independent of an external voltage even though they depend on the incident angle. We can see that for the ORB to appear the external voltage should be larger than 1.214 V c . Above this threshold, the ORB becomes wider as the applied voltage increases due to a simultaneous increase and decrease of upper and lower edge frequencies of p-polarized waves when ϭ0°and ϭ85°, respectively. The effective dielectric constant of the LC for the p-polarized wave decreases as the applied voltage increases because the increase of the voltage decreases ⑀ xx and increases ⑀ zz . This gives rise to the increase of the impedance ratio between the dielectric and the LC layers so that the upper and lower edge frequencies of p-polarized waves increases and decreases. 16 However, the lower edge frequency of a normally incident p-polarized wave is little affected by the external voltage because its electric field is mainly concentrated in the dielectric layer having a larger refractive index than LC. 17 The results of Fig.  3 show that the width of the ORB is controllable with little change in its center frequency by varying the applied voltage.
When a layer of namatic LCs is inserted into the 1D PC, the LC layer can act as a defect. Therefore, the variation of the defect mode with respect to the change of the external voltage would also be interesting to investigate. In this study, we have investigated the transmission characteristics of a 1D PC when a layer of LC 5CB molecules with the thickness of 11a/6 is inserted into the center of 12 periods of alternating dielectric layers having the refractive indices of n 1 ϭ1.34 and n 2 ϭ2.5, respectively, and the thickness d 1 ϭd 2 ϭa/2. Figure 4 shows the simulated transmission spectra of the normally incident s-and p-polarized waves when the applied voltage is 1.53 V c . The dependence of the defect mode frequency on the applied voltage is also plotted in the inset for normal incidence. One can easily see that the defect mode of the p-polarized, but not s-polarized, wave is tunable by the application of an external voltage because of the earliermentioned independence of ⑀ yy on the external electric field. The defect mode frequency of a p-polarized wave increases as the applied voltage increases since ⑀ xx decreases as the applied voltage increases. Even in the case of an oblique incidence, the earlier trends of the defect modes are generally maintained for s-and p-polarized waves since the partial contribution of ⑀ xx and ⑀ zz changes only the defect mode frequency of the p-polarized wave. This result clearly demonstrates that the investigated structure can be employed for the implementation of a tunable filter or an optical switch operating at an interested wavelength.
In conclusion, we have shown that external voltage can create the ORB and make it tunable when Vу1.214 V c for the investigated PC structure. It is also demonstrated that the defect mode frequency created by inserting a layer of LC molecules into a 1D dielectric PC can be controlled by the application of an external voltage only for the case of the p-polarized wave. The tuning of the ORB and defect mode should be useful in the implementation of tunable optical waveguides, filters, or optical switches. 
